C 2004 by the International Society of Nephrology
Chronic transplant glomerulopathy emerges in approximately 5% to 15% of transplants with chronic rejection [1] [2] [3] , and is characterized by reduplication of the glomerular basement membrane (GBM) in the absence of de novo or recurrent glomerulonephritis [2] . Its extent is used to grade the severity of this entity in the Banff 97 classification [4] . Chronic transplant glomerulopathy usually occurs in the background of chronic allograft nephropathy (i.e., interstitial fibrosis and tubular atrophy with or without fibrous intimal thickening of arteries [4, 5] ). Immunofluorescence microscopy is negative or shows mesangial granular deposits of IgM with greater intensity than C3 [1, 6] . Electron microscopy reveals reduplication of the GBM and subendothelial accumulation of electron-lucent material, distinguishing chronic transplant glomerulopathy from recurrent membranoproliferative glomerulonephritis [6] . Marked reduplication of peritubular capillary basement membranes is strongly associated with chronic transplant glomerulopathy [7] . Acute transplant glomerulitis, characterized by mononuclear cell infiltrate and endothelial cell enlargement, may precede chronic transplant glomerulopathy [1, 4, 8] .
Recently, it has been suggested that allograft glomerulopathy should be separated from chronic rejection, as its pathogenesis is not understood [5] . Furthermore, a new classification of renal allograft rejection incorporates cellular and humoral mechanisms of injury [9, 10] . Chronic transplant glomerulopathy has been associated with circulating antidonor human leukocyte antigen (HLA) antibodies and the deposition of the complement split product C4d in peritubular capillaries, suggesting antibody-mediated injury [11, 12] . Regele et al [13] produced a polyclonal anti-C4d antibody that, in contrast to monoclonal antibodies, can be used on paraffin sections and does not stain normal glomeruli. However, glomerular deposits of C4d could be detected in only a minority of chronic transplant glomerulopathy biopsies [12] .
The aim of the current study was to determine the incidence, risk factors, clinical characteristics and prognostic factors of chronic transplant glomerulopathy in comparison with chronic allograft nephropathy without chronic transplant glomerulopathy. Furthermore, circulating antidonor HLA antibodies and glomerular deposition of C4d were assessed to determine whether humoral immunity is involved in the development of chronic transplant glomerulopathy.
METHODS

Patients
All 1111 cadaveric (N = 832), living related kidney (N = 163), and simultaneous kidney pancreas (N = 116) transplants done at the Leiden University Medical Center between January 1983 and January 2001 with at least 6 months of graft function were reviewed. There were 168 repeat transplants. Patients were followed to graft loss, death, or January 1, 2002. The initial immunosuppressive regimen consisted of prednisone and cyclosporine and/or azathioprine. In 1996, Sandimmune was changed to Neoral and mycophenolate mofetil was added as a third baseline drug.
Histopathology
We reviewed the biopsies that were taken beyond 6 months posttransplantation for clinical indications, including declining renal function or significant proteinuria. Recurrent (N = 56) or de-novo glomerulonephritis (N = 11) and predominant cyclosporine toxicity (N = 53) were excluded by clinical and histologic means. Cyclosporine nephrotoxicity was characterized by arteriolar hyalinosis and stabilization of renal function after dose reduction or switch to mycophenolate [14] .
In 130 cases the histology indicated a diagnosis of chronic allograft nephropathy. All biopsies were reexamined and if transplant glomerulopathy was present, sections were scored according to the Banff 97 schema [4] by a single pathologist (H.B.). Eighteen patients met the definition of chronic transplant glomerulopathy according to the following criteria: (1) light microscopy showing "double contours" of the GBM in at least 10% of the most severely affected tuft [4] ; (2) immunofluorescence negative or showing scant depositions of IgM with greater intensity than C3 [6] ; and (3) recipient's original renal disease other than membranoproliferative glomerulonephritis and absence of hepatitis C seropositivity at time of transplantation [6, 15] . Unfortunately, no material was available to perform electron microscopy on these biopsies.
Four patients had acute transplant glomerulitis defined by mononuclear cell infiltration and endothelial cell enlargement in the absence of double contours of the GBM [4, 16] . Finally, 108 patients had chronic allograft nephropathy without predominant clinical and histologic signs of transplant glomerulopathy, cyclosporine nephrotoxicity or recurrent disease.
Clinical data and antidonor HLA antibodies
Clinical information was obtained from hospital charts and laboratory records. Donor and recipient variables as well as transplant and clinical parameters were recorded as shown in Table 1 . We studied the impact of HLA mismatches as broad antigens and as cross-reactive groups (CREG) of major histocompatibility complex (MHC) class I [17] . The clinical parameters were obtained at the time of biopsy and at the time of the minimal level of proteinuria following biopsy. Finally, the last measured serum creatinine was collected from all patients with a functioning transplant until death or end of follow-up.
In 13/18 chronic transplant glomerulopathy patients, sera were available at time of biopsy. The presence of circulating antidonor HLA class I and class II antibodies were assessed by enzyme-linked immunosorbent assay (ELISA) and flow cytometer cross-match.
C4d staining
Eleven biopsies from 18 patients with chronic transplant glomerulopathy and three of four biopsies showing acute transplant glomerulitis were available for immunohistochemistry. Fourteen patients with chronic allograft nephropathy without glomerular lesions were randomly selected as control. Polyclonal rabbit antiC4d antibody (Biomedica, Vienna, Austria), kindly provided by Heinz Regele, was used on paraffin sections as recently described [12, 13] . In brief, 2 lm sections were deparaffinized and endogenous peroxidase activity was blocked with hydrogen peroxide. Antigen retrieval was carried out by pressure-cooking for 10 minutes at 1 bar in citrate buffer (pH 6.0). After overnight incubation with polyclonal anti-C4d antibody (1:250), sections were incubated with horseradish peroxidase (HRP)-conjugated goat antirabbit immunoglobulins absorbed for human IgG. Finally, sections were stained with tyramid-fluorescein isothiocyanate (FITC). Glomerular staining was considered positive if one or more glomeruli showed C4d deposits in the capillary wall. Peritubular capillary staining was scored positive if 25% or more of the peritubular capillaries was strongly positive.
Study design and statistical analysis
Demographic and clinical data of patients with chronic transplant glomerulopathy or chronic allograft nephropathy were compared using the independent samples t test for continuous variables and chi-square test for categorical variables. A P value < 0.05 was considered significant. The cumulative incidence of chronic transplant glomerulopathy was determined by the ratio of cases and total number of patients in the cohort. The time between transplantation and the diagnosis of chronic transplant glomerulopathy and chronic allograft nephropathy was compared using the Kaplan-Meier actuarial method.
To identify the risk factors of chronic transplant glomerulopathy or chronic allograft nephropathy the groups were compared with 739 patients with stable function defined as a last serum creatinine of less than 120% compared to the value at 6 months posttransplantation. The individual effect of the variables on the time to biopsy, graft failure, or end of follow-up was evaluated with the use of the Cox proportional hazard model. Significant predictors (P < 0.05) in univariate analysis were fitted into a multivariate model according to a forward selection, likelihood ratio test.
To assess prognostic factors associated with graft failure, outcome was defined as return to dialysis or as a last serum creatinine concentration of more than 150% compared to the value at time of biopsy. Uni-and multivariate Cox regressions were used to evaluate the relationship between the biopsy variables and time between diagnosis and graft failure. Cumulative survival rates were computed by the Kaplan-Meier method.
RESULTS
Clinical features of chronic transplant glomerulopathy and chronic allograft nephropathy
Eighteen patients out of a cohort of 1111 transplants developed chronic transplant glomerulopathy, leading to a cumulative incidence of 1.6%. Chronic allograft nephropathy without transplant glomerulopathy, cyclosporine nephrotoxicity, or recurrent disease was diagnosed in 108 patients (9.7%). Considering these 126 patients together, the percentage of chronic transplant glomerulopathy in chronic allograft nephropathy was 14%. Table 1 with 108 patients with chronic allograft nephropathy. Donor age was significantly lower in the chronic transplant glomerulopathy group. Mean peak and current panel reactive antibodies were not significantly different between the two groups. There was no difference in the number or type of acute rejection episodes but in the chronic transplant glomerulopathy group there were significantly fewer acute rejection episodes beyond 3 months. In comparison with chronic allograft nephropathy, biopsies showing chronic transplant glomerulopathy were obtained later (Fig. 1) . At the time of biopsy, the immunosuppressive regimen in the chronic transplant glomerulopathy patients was more often based on Neoral, compared to the chronic allograft nephropathy group. Patients with chronic transplant glomerulopathy had a renal function comparable with chronic allograft nephropathy, but on average more proteinuria. Four out of 18 (22%) chronic transplant glomerulopathy patients had nephrotic syndrome defined by proteinuria of more than 3.5 g per day and an albumin level of less than 35 g/L, in contrast to five out of 111 (4%) cases with chronic allograft nephropathy. Systolic blood pressure was higher in chronic transplant glomerulopathy than in chronic allograft nephropathy despite a higher number of antihypertensive drugs. Graft survival plotted beginning at 6 months after transplantation ( Fig. 2A) and at time of biopsy (Fig. 2B) was not significantly different between the two groups.
Characteristics of chronic transplant glomerulopathy
The features and outcome of the patients with chronic transplant glomerulopathy (1 to 18) are shown in Table 2 . Renal biopsies were performed because of chronic transplant dysfunction; 16 patients had a decline in renal function defined as an increase in serum creatinine of more than 20% compared to the serum creatinine at 6 months posttransplantation, and 16 had more than 1 g proteinuria per day; hypertension (>140/90 mm Hg) was present in 14 cases, despite antihypertensive medication. Eleven biopsies were adequate and seven were marginal according to the Banff 97 criteria (i.e., all specimens showed at least seven glomeruli and one artery). The diagnosis of chronic transplant glomerulopathy was based on the extent of double contours of the GBM in the most severely affected glomerulus [5] , which was present in 10% to 25% of capillary loops in four, 26% to 50% in four and more than 50% in 10 cases (Fig. 3) . The degree of proteinuria did not correlate with the level of glomerular damage (Table 2 ). Seventeen out of 18 cases showed variable increase in mesangial cellularity. Fibrous intimal thickening of arteries was absent in three, mild in seven, moderate in four, and severe in four cases. Chronic allograft nephropathy, based on the extent of interstitial fibrosis and tubular atrophy, was graded I, II, and III in five, ten, and three cases, respectively. Immunofluorescence revealed IgM in peripheral capillary loops and mesangial regions in ten patients and weaker reactions to C3, IgG, and IgA in five, four, and three patients, respectively. Circulating antidonor HLA antibodies at the time of biopsy were found in 5/13 patients tested. These antibodies were directed to class I, class II, and class I + II in, respectively, one, three, and one cases. Six patients lost their grafts and returned to dialysis. Three patients had graft failure defined by a creatinine rise of more than 50% at the end of follow-up. Renal function was stable in the other nine patients. Four patients (19 to 22) had evidence of acute transplant glomerulitis ( Table 2 ). The percentage panelreactive antibodies at time of transplantation was 17%, 32%, 5%, and 6%, respectively. The patients had either two or three acute rejection episodes. Biopsies showing acute transplant glomerulitis were obtained at 0.6, 1.2, 1.9, and 3.3 years after transplantation. The biopsies showed glomerular infiltration by neutrophils and endocapillary proliferation. Extracapillary proliferation was present in one patient (Fig. 3A) . There were no signs of tubulitis or vasculitis, but chronic vascular and tubulointerstitial changes were present in two and four patients, respectively. Antibodies to HLA class I + II of the donor were present in one of the two patients with serum available. Graft loss occurred in all patients, within 1 year after diagnosis.
Risk factors of chronic transplant glomerulopathy and chronic allograft nephropathy
The univariate effects of the various risk factors of chronic transplant glomerulopathy or chronic allograft nephropathy in comparison with patients with a stable function are shown in Table 3 . Multivariate Cox regression analysis revealed that current panel-reactive antibodies (RR 1.23, 95% CI 1.05-1.45 per 10% increase, P = 0.01) and last acute rejection episodes beyond 3 months (RR 7.6, 95% CI 1.8-31.7, P = 0.006) were independently associated with chronic transplant glomerulopathy.
Chronic allograft nephropathy was independently predicted by cigarette smoking (RR 1.80, 95% CI 1.21-2.67, P = 0.004), peak panel-reactive antibodies (RR = 1.10, 95% CI 1.03-1.18 per 10% increase, P = 0.004), donor age (RR 1.24, 95% CI 1.07-1.43, P = 0.009), Neoral and mycophenolate mofetil based regimens (RR 0.46, 95% CI 0.21-0.99, P = 0.05), and especially a last acute rejection episode beyond 3 months (RR 14.5, 95% CI 8.3-25.1, P = 0.0001).
Glomerular and peritubular C4d staining in transplant glomerulopathy
C4d stained positive in a segmental capillary pattern in the glomeruli of 10/11 chronic transplant glomerulopathy biopsies and in 3/3 biopsies showing acute transplant glomerulitis. Figure 3 shows the light and immunofluorescence microscopy of three biopsies with acute transplant glomerulitis, chronic transplant glomerulopathy, and chronic allograft nephropathy without glomerular lesions, respectively. Patient 19 (Fig. 3A, D) had acute transplant glomerulitis, consisting of extensive endo-and extracapillary proliferation at 6 months posttransplantation (Table 2 ). Patient 11 (B/D) developed chronic transplant glomerulopathy with reduplication of the GBM at 8 1 / 2 years. Panel C/E shows a normal glomerulus without C4d deposits in the biopsy of a patient with chronic rejection at 4 years. Peritubular staining for C4d was also positive in 4/10 chronic transplant glomerulopathy and 3/3 acute transplant glomerulitis cases with glomerular C4d deposits. Antidonor HLA antibodies were detected in 3/10 chronic transplant glomerulopathy and 1/2 acute transplant glomerulitis cases. Glomerular and peritubular C4d deposits were found in one of the 14 control patients with chronic allograft nephropathy (P < 0.001 compared to chronic transplant glomerulopathy patients, chi-square test). Table 4 shows factors prognostic for graft failure or loss of renal function in patients with chronic transplant glomerulopathy and chronic allograft nephropathy. Graft failure from chronic transplant glomerulopathy, occurring in nine of the 18 patients, was independently correlated with the lowest level of 24-hour proteinuria (RR = 2.21 per g/day, 95% CI 1.21-4.04, P = 0.01). Fifty-one patients in the chronic allograft nephropathy group (46%) lost their graft and 16 (14%) had a rise of serum creatinine of more than 50% at the end of follow-up. Therefore, 67 patients (60%) experienced graft failure. This was predicted by serum creatinine (RR 1.07, 1.04-1.10 per 10 lmol/L, P < 0.001) at time of diagnosis, lowest level of proteinuria after biopsy (RR 1.55, 1.24-1.93 per g/day, P < 0.001) and the associated systolic blood pressure (RR 1.24, 1.06-1.45 per 10 mm Hg, P = 0.006) in multivariate analysis.
Factors predicting graft failure
DISCUSSION
We studied the clinical and immunohistochemical characteristics of 18 patients with chronic transplant glomerulopathy. The cumulative incidence of chronic transplant glomerulopathy was 1.6%, which is somewhat lower compared to the incidence of 1.9% to 7% reported in other series [1] [2] [3] . As biopsies are not invariably obtained in patients with declining graft function, and chronic transplant glomerulopathy has been reported in protocol biopsies the incidence may have been underestimated [18] .
Chronic transplant glomerulopathy presents as chronic transplant dysfunction in the cases biopsied, a clinical syndrome consisting of an increased serum creatinine concentration, elevated blood pressure, and proteinuria. Diagnostic biopsies were performed later compared with patients with chronic allograft nephropathy, confirming that the clinical manifestations of chronic transplant glomerulopathy tend to develop late after transplantation [3] . At the time of diagnosis, patients with chronic transplant glomerulopathy had a similar degree of renal dysfunction, but on average the serum albumin level was lower and proteinuria more severe than patients with chronic allograft nephropathy, compatible with glomerular injury. We documented an increased systolic blood pressure and use of antihypertensive drugs in patients with chronic transplant glomerulopathy. However, more chronic transplant glomerulopathy patients used cyclosporine (Neoral) at time of biopsy, an agent with increased bioavailability that accounted for increased blood pressure and proteinuria after conversion from Sandimmune in the Leiden cohort of renal transplants [14] . Double GBM contours are a key light microscopic feature of chronic transplant glomerulopathy and were required for the diagnosis of chronic transplant glomerulopathy in our study. We observed in all but one patient a variable degree of glomerulitis in the glomerular tuft, a feature characteristic of acute transplant glomerulitis [4, 16] . We confirm earlier results from our center and from others that chronic vascular changes did not parallel chronic transplant glomerulopathy [3, 19] . Ten patients showed no or minor obliteration of the arterial lumen, indicating that ischemia is not a likely mechanism responsible for chronic transplant glomerulopathy. The observed chronic tubulointerstitial changes are most likely related to previous acute rejection episodes [20] .
Late acute transplant glomerulitis, observed in four patients, occurred earlier than chronic transplant glomerulopathy and was associated with severe proteinuria and subsequent rapid graft failure. Messias et al [16] examined early glomerulitis, that occurred in 28/63 (44%) patients with acute rejection within 3 months. Due to a strong association with vascular rejection there was no independent effect on graft survival [16] . In our opinion, early glomerulitis at time of an acute rejection episode should be distinguished from late onset transplant glomerulitis.
Assessment of risk factors revealed that both chronic transplant glomerulopathy and chronic allograft nephropathy were strongly related with pretransplant sensitization and late acute rejection episodes, suggesting chronic rejection. These factors were also present in patients with acute transplant glomerulitis. In the study of Messias et al [16] , a significantly higher percentage of patients in the early glomerulitis group was highly sensitized pretransplantation, had retransplants and had delayed graft function compared to the nonglomerulitis group. Preformed anti-HLA antibodies are related to acute humoral rejection and also increase the risk of chronic allograft nephropathy [21, 22] . In comparison with transplants with stable function both chronic transplant glomerulopathy and chronic allograft nephropathy were associated with late acute rejection episodes. We found earlier that acute rejection episodes beyond 3 months have a detrimental impact on long-term outcome and are associated with CREG mismatches [17, 23] . At this time posttransplantation, indirect allorecognition (i.e., activation of T helper cells by donor MHC molecules presented by recipient antigen presenting cells) may trigger the production of antibodies that may mediate chronic rejection [11, 24] . Therefore, both preexisting and newly formed antibodies posttransplantation may increase the risk of chronic allograft nephropathy and chronic transplant glomerulopathy. Because of this risk profile of chronic transplant glomerulopathy, we decided to investigate C4d deposition in the transplants. We used a polyclonal anti-C4d antibody suitable for detection of glomerular C4d on paraffin sections [12, 13] . Glomerular deposits of C4d were present in 10/11 biopsies with chronic transplant glomerulopathy and in 3/3 cases showing acute transplant glomerulitis. Peritubular staining for C4d was positive in respectively 4/10 and 3/3 cases with glomerular C4d deposits. Absence of glomerular C4d staining in all but one tested patients with chronic allograft nephropathy suggest that this antibody might be useful in characterizing late transplant glomerulopathy. Endothelial deposition of the complement split product C4d in peritubular capillaries has been established as a marker for both acute and chronic humoral rejection defined by the presence of antidonor HLA antibodies [9] . Absence of concomitant capillary immunoglobulin staining in C4d-positive biopsies has been explained by less covalent binding compared to C4d [9] . Recently, C4d deposition in peritubular capillaries was detected on paraffin sections in 34% of 213 late biopsies and found to be associated with tubular basement membrane multilayering and chronic transplant glomerulopathy [12] . However, in contrast to our data, glomerular C4d staining was observed in only 12% of the chronic transplant glomerulopathy biopsies, which is difficult to explain unless their criteria for the diagnosis of chronic transplant glomerulopathy were less strict [12] . In biopsies with unaffected glomeruli but positive C4d in peritubular capillaries, progression to chronic transplant glomerulopathy could be observed in follow-up biopsies [12] . Ongoing humoral rejection may link early glomerulitis and late transplant glomerulopathy. However the acute transplant glomerulitis cases presented in this study were all rapidly progressive and did not progress into chronic transplant glomerulopathy suggesting that acute transplant glomerulitis not necessarily results in chronic transplant glomerulopathy.
The evidence for humoral rejection in late transplant glomerulopathy suggests that antibodies directed against donor HLA antigens play a role. In a series of chronic humoral rejection, 15 out of 17 patients with C4d in the peritubular capillaries had antidonor HLA antibodies [11] . We could detect antidonor HLA antibodies in 3/10 chronic transplant glomerulopathy cases with glomerular C4d deposits, suggesting that a tissue-specific response might also be involved. However, we cannot exclude that the levels of circulating anti-HLA antibodies are undetectable due to absorption by antigens in the graft. In an experimental model, we found circulating and kidney graft bound IgG antibodies against the GBM in rats with chronic transplant glomerulopathy. Using proteomic techniques the heparan sulfate proteoglycan perlecan and the a1 chain of collagen VI in association with the a5 chain of collagen IV were identified as the antigens recognized by the antibodies [25] . We hypothesize that similar responses against glomerular antigens are also present in patients with transplant glomerulopathy.
Humoral rejection warrants a specific therapeutic strategy. In chronic rejection decrease of antidonor HLA antibodies and C4d deposition can be induced by rescue therapy with tacrolimus and mycophenolate mofetil [26] . Furthermore, patients who stay on mycophenolate for a prolonged period of time have a lower risk of late acute rejection episodes and chronic allograft nephropathy [27, 28] . In our series, only one patient with chronic transplant glomerulopathy, remarkably the subject without C4d deposits, used mycophenolate mofetil at time of diagnosis. As this agent was only introduced in our center in 1997, longer follow-up is needed to determine whether this agent might reduce the incidence of chronic transplant glomerulopathy as well.
The prognosis of chronic transplant glomerulopathy was related to the time of diagnosis and level of proteinuria. However, once the diagnosis has been made we found a similar graft survival rate compared to patients with earlier diagnosed chronic allograft nephropathy. In both groups outcome correlated with proteinuria, in the chronic allograft nephropathy group together with concomitant systolic blood pressure and renal function at time of diagnosis. These results support recent evidence that renoprotection could be achieved when long-lasting angiotensin-converting enzyme (ACE) inhibition results in persistent reduction in proteinuria [29, 30] . ACE inhibitors and angiotensin II antagonists are well tolerated in transplant recipients with chronic allograft nephropathy and are associated with stabilization of renal function [31, 32] .
CONCLUSION
Chronic transplant glomerulopathy may present years after transplantation. Sensitization and late acute rejection episodes were identified as risk factors strongly suggesting an underlying immunologic mechanism. The presence of glomerular C4d deposits supports a role for humoral immune responses in the pathogenesis of chronic transplant glomerulopathy.
